Chronic microglial activation and associated neuroinflammation
INTRODUCTION
Microglia, comprising parenchymal microglia and perivascular macrophages in the CNS, play a central role in multiple chronic neurodegenerative diseases including Alzheimers disease (AD), amyotrophic lateral sclerosis (ALS), and human immunodeficiency virus (HIV)-associated neurocognitive disorder (HAND) (1) (2) (3) (4) . In these diseases, immune activation of microglia may be pivotal in regulating neuroinflammation, a process likely dependent on disease stage (5) .
Knockout and inhibition studies in rodent models have shown that colony stimulating factor 1 receptor (CSF1R) signaling is essential for microglial survival, proliferation, and differentiation (6) (7) (8) (9) . Upregulation of CSF1R by microglia has been identified in AD, ALS, and other neuroinflammatory diseases including prion diseases . Of particular note, CSF1R blockade improved disease outcomes in mouse models of late-stage AD and ALS (13, 14) , demonstrating that microglial immune responses can be either beneficial or harmful depending on context. CSF1R has 2 known ligands: Colony stimulating factor 1 (CSF1) and IL34. Both ligands are expressed in the CNS, but IL34 appears to be more essential to homeostatic regulation in specific areas of the brain, including the cerebral cortex, basal ganglia, and hippocampus (15) . Interestingly, previous work suggests that CSF1 is more inducible than IL34 in neurodegenerative diseases (14, 16) and therefore may be the more important CSF1R ligand in chronic neurodegeneration (17) .
Persistent CNS inflammation including microglial immune activation is thought to drive the pathogenesis of HAND (3, 18) . HIV can infect cells of the myeloid lineage, including microglia, thereby stimulating or dysregulating the neuroimmune response in HAND (3, 4) . Previous work in a rhesus macaque SIVmac251 model of HIV CNS infection has shown that increased CSF1 expression occurs in CD163-positive cells (19) , cells that accumulate in perivascular cuffs and microglial nodules in SIV encephalitis (16) .
In this report, we show that CSF1 expression increased in the SIV/pigtailed macaque model of HIV CNS disease whereas IL34 expression did not change with SIV infection. CSF1 overexpression was significantly correlated with microglial genes involved in the antiviral response to SIV, and in response to oxidative stress. In addition to upregulation of the ligand CSF1, CSF1R expression in microglia also increased with infection, implicating the CSF1-CSF1R signaling pathway in HIV CNS disease.
MATERIALS AND METHODS

Animals
All experiments were performed on samples collected at necropsy from male juvenile pigtailed macaques (Macaca nemestrina). Samples were stored at -80 C prior to use. Animals were either (1) mock inoculated with Lactated Ringers Solution, (2) inoculated intravenously with the neurovirulent molecular clone SIV/17E-Fr and the immunosuppressive swarm SIV/DeltaB670 (SIV), or (3) SIV inoculated and treated with an ART regimen (SIV þ ART) . Untreated SIV-infected animals were euthanized at 21 days postinfection (p.i.), or 84 days p.i. unless the animal began showing symptoms of AIDS before the end point of the respective study. SIV-infected animals that were treated with ART (n ¼ 7) were fully suppressed in CSF and plasma by 56 days p.i., and were euthanized 180 days p.i., after $120 days of ART suppression. SIV þ ART animals were treated daily with a subcutaneous injection of 2.5 mg/kg Dolutegravir (ViiV Healthcare US, Raleigh, NC), 20 mg/kg PMPA, and 40 mg/kg FTC (Gilead, Foster City, CA). Four of the 7 treated animals were also given 20 mg of oral Maraviroc (ViiV Healthcare US) daily. This difference in treatment regimen did not cause a significant difference in time to suppression in either CSF or plasma; there was also no significant difference in the CNS-specific measures performed for this study. As this study was conducted retrospectively, all samples were not available for each animal, hence minor variation in animal group size in different experiments.
At necropsy, all animals were perfused with phosphatebuffered saline. Brains were harvested and sectioned coronally at necropsy. All samples were either immersion fixed in 10% neutral buffered formalin, Streck tissue fixative, or flashfrozen. Both basal ganglia and frontal cortex sections were utilized in this study. All animal studies were approved by the Johns Hopkins Animal Care and Use Committee.
RNA Measurements
The Nanostring nCounter gene expression panel used for analysis included 249 genes of interest (23) . The geometric means of 4 housekeeping genes were used to normalize counts. mRNA counts of genes of interest were then normalized to the geometric mean of the 4 housekeeping genes (GAPDH, RPL13A, SDHA, and TBP), as well as the geometric mean of spike-in controls. The limit of detection was determined by taking the mean of 3 negative controls plus 2 standard deviations as detailed previously (23) . RNA for this panel was isolated from basal ganglia sections harvested at necropsy from uninfected and SIV-infected (84 days p.i.) macaques as described previously (23 C. The aqueous portion was then added to a fresh tube with 500 lL of ice-cold 2-isopropanol and vortexed. After an overnight incubation at -20 C, tubes were centrifuged at 14 000g for 15 minutes at 4 C and the isopropanol was removed. The pellet was then washed in ice-cold 70% ethanol. Tubes were centrifuged at 10 000g for 5 minutes at 4 C and the ethanol was removed. The pellet was then allowed to air dry for $15 minutes at room temperature. RNA isolation was completed using the Qiagen RNeasy kit (Qiagen, Frederick, MD) according to the manufacturer's protocol. Quality and concentration of the isolated RNA was determined using Nanodrop.
One microgram of RNA was added to each RT reaction. The High Capacity cDNA reverse transcription kit was used (Applied Biosystems, Carlsbad, CA) with samples run in duplicate with a no reverse transcriptase control for each as well as no template controls. Reverse transcription was performed with the PTC-200 (MJ Research, Port Republic, NJ). The samples were held at 25 C for 10 minutes to anneal, then 37 C for 120 minutes for reverse transcription, and finally, 85 C for 5 minutes to inactivate the reverse transcriptase. Samples were held at 4 C overnight before being stored at -20 C. Four microliter of cDNA was used for qPCR per sample. Each was run in duplicate with no template controls and no reverse transcriptase controls. The TaqMan Universal Master Mix II or the Gene Expression Master Mix was used (Applied Biosystems) with CSF1 (cat. Rh02621778_m1) and IL34 (cat. Rh01050928_m1) probes (Applied Biosystems); all counts were normalized to 18S ribosomal RNA and reported as DDCt (cycle threshold).
CSF1R Cellular Localization and Measurements
CSF1R RNA was visualized in cells by in situ hybridization. Combined CSF1R ISH-Iba-1 IHC double staining was performed on frontal cortex using the Leica Bond RX automated system (Leica Biosystems, Richmond, IL). Tissue was fixed in 10% neutral buffered formalin for 24 hours and embedded in paraffin before sectioning at 5 lM. A CSF1R probe (cat. 310818, Advanced Cell Diagnostics, Newark, NJ) was used with the RNAScope 2.5 LS Assay-RED Kit according to manufacturer's protocol. Epitope retrieval was performed by heating to 95 C for 20 minutes in EDTA-based ER2 buffer (Leica Biosystems). Anti-Iba-1 antibody (cat. 019-19741, Wako, Richmond, VA) was diluted 1:500. Slides were counterstained with hematoxylin.
CSF1R IHC was performed using indirect, alkaline phosphatase-based immunostaining on Streck tissue fixativefixed frontal cortex sections using the Bond RX automated system with the Bond Polymer Refine Red kit (Leica Biosystems). Each slide was heated to 95 C for 20 minutes in EDTA-based ER2 buffer for heat-induced epitope retrieval.
Anti-CSF1R (Santa Cruz Technologies, cat. sc-692, Santa Cruz, CA) was used as the primary antibody (1:50 dilution). Positive immunoreactivity was visualized by labeling with the Bond Polymer Refine Red kit (alkaline phosphatase) (Leica Biosystems). Slides were counterstained with hematoxylin. Image acquisition and analysis to measure CSF1R was performed with Nikon Elements software (Nikon, Melville, NY) by generating composite images composed of 3 Â 12 200Â high-power fields encompassing both grey and white matter. A threshold for positive staining was established using a set of blinded images and applied to all images to calculate the area fraction (%ROI) representing positive staining. Regions of interest (ROIs) were drawn around grey and white matter separately. The median size of the areas analyzed for grey and white matter were 2.6 Â 10 6 lm 2 and 8.6 Â 10 5 lm 2 , respectively.
CSF1R ELISAs were performed on frontal cortex homogenates prepared from 50 mg of tissue placed in 200 lL of 1Â cell lysis buffer (Cell Signaling and Technologies, Danvers, MA) with added protease and phosphatase inhibitors (Roche, Basel, Switzerland) and homogenized with a handheld homogenizer. 300 lL of 1Â cell lysis buffer was then added for a total of 500 lL. Samples were then sonicated using a cup sonicator 5 times for 20 seconds with 15-second breaks. Tubes were then rotated at 4 C for 2 hours and pelleted at 4 C for 5 minutes at 14 K rpm. Supernatant was collected and used. Protein concentrations of these homogenates were determined using the Qubit protein assay kit according to manufacturer's protocol (Invitrogen, Carlsbad, CA). These concentrations were validated by running 5 lg of protein of each sample on a Criterion Stain Free Tris-HCl 4%-20% separation gel and read using the Gel Doc EZ Imager (Bio-Rad, Hercules, CA). The Biomatik Human MCSFR ELISA kit (Biomatik, Wilmington, DE) was used per manufacturer's protocol. Thirty micrograms of protein from each sample were added in duplicate to antibody precoated wells. TMB solution was allowed to develop for 15 minutes at room temperature. Wells were read at 450 nm immediately after the addition of stop solution.
Statistical Analysis
Prism was used to calculate all statistics except the Benjamini-Hochberg correction, which was applied using the p.adjust function in R. The Benjamini-Hochberg false discovery rate was set to 0.05. Nonparametric statistical tests were used (Mann-Whitney and Spearman correlation). Statistical significance was attributed to p values less than or equal to 0.05.
RESULTS
CSF1 Expression Increased in SIV-Infected Pigtailed Macaques
Alterations in expression of both CSF1R ligands CSF1 and IL34 have been reported in vivo in an SIVmac251/rhesus macaque model and with HIV infection in vitro (16, 17, 24, 25) To evaluate CSF1 expression in the SIV/pigtailed macaque model of HIV CNS disease, we analyzed a Nanostring nCounter dataset including 123 genes above the limit of detection (Supplementary Data Table S1 ) obtained using RNA isolated from basal ganglia from SIV-infected macaques euthanized 21 days p.i. (n ¼ 6) or 84 days p.i. (n ¼ 13). Uninfected pigtailed macaques (n ¼ 10) served as controls (23) . CSF1 mRNA levels were significantly increased in SIV-infected pigtailed macaques at 84 days p.i. compared with uninfected controls (p ¼ 0.003, Mann-Whitney, Fig. 1 ). To determine whether development of SIV encephalitis was related to CSF1 expression levels, the 84 day p.i. SIV-infected group was subdivided into SIV-infected animals with (n ¼ 8) or without SIV encephalitis (n ¼ 5). CSF1 mRNA expression was significantly increased in the animals with SIV encephalitis versus those without encephalitis (p ¼ 0.002, Mann-Whitney, Fig. 1 ).
To determine whether CSF1 expression was altered during the asymptomatic phase of infection, CSF1 mRNA counts in basal ganglia of SIV-infected pigtails euthanized at 21 days p.i. were compared with uninfected and 84 day groups. The asymptomatic SIV group had higher CSF1 expression than uninfected controls (p ¼ 0.09, Mann-Whitney; median ¼ 196.5 mRNA copies) comparable to the terminal nonencephalitic SIV-infected animals sacrificed at 84 days p.i (median ¼ 122 mRNA copies). This intermediary level of CSF1 expression suggests that CSF1 alterations develop early in the course of disease; analysis of larger groups is needed to confirm this finding.
Further analysis of the Nanostring nCounter dataset revealed differential expression of 44 additional genes in the basal ganglia of SIV-infected pigtailed macaques sacrificed 84 days p.i. (n ¼ 13) compared with uninfected controls (n ¼ 10). Fold change in expression was calculated by dividing the median expression of the SIV 84 day p.i. mRNA counts by that of the uninfected controls. In cases of downregulation, the value of uninfected median counts divided by the SIVinfected counts was a negative number. Statistical significance was calculated by Mann-Whitney with a Benjamini-Hochberg adjustment (p 0.05). If any gene had mRNA counts below the limit of detection, their values were set at the limit of detection for use in Mann-Whitney tests. These values were also used to identify strength of correlations between differentially expressed genes and CSF1 RNA levels. Twenty-nine of the 45 genes found to be differentially expressed with SIV were highly correlated with CSF1 mRNA expression levels. A subset of these genes grouped functionally is represented in the Table; the complete list of genes above the limit of detection is listed in Supplementary Data Table S1 . Correlation was determined using Spearman's rank analysis with a BenjaminiHochberg adjustment (p 0.05). CSF1 mRNA levels were significantly positively correlated with genes involved in receptor tyrosine kinase signaling, including STAT3. As CSF1R is the only known receptor of CSF1, the correlation between CSF1 RNA with RTK genes indicates that increased CSF1 promotes CSF1R signaling. CSF1 expression was also positively correlated with microglial markers. Of particular interest, CD163 and CD68 expression on microglia have been associated with immune activation and phagocytosis (26) . CSF1 mRNA levels were also strongly correlated with ALOX5AP, a microglial protein essential in the production of leukotrienes that serves as a positive regulator of inflammation. As such, ALOX5AP activity has been shown to increase neuronal damage in vitro (27) . These correlations taken together suggest a regulatory relationship between CSF1R signaling and regulation of microglial immune responses in SIV infection.
Given these correlations between CSF1 and microglial immune activation, the finding that CSF1 mRNA expression also highly correlated with genes essential in immune signaling, particularly those involved in the antiviral response such as CCL2 and Mx1, was also consistent with a proinflammatory environment in the CNS. Correlations with CSF1 also extended to genes associated with oxidative stress including SOD2, further supporting a relationship between CSF1R signaling and a functional immune response in the CNS.
CSF1 and IL34 mRNA Expression in SIV-Infected Pigtailed Macaque Frontal Cortex
To validate the finding of increased CSF1 expression from the Nanostring nCounter analyses and to expand measurements to include both CSF1R ligands in grey and white matter, quantitative RT-PCR was performed to quantify CSF1 and IL34 expression using samples from frontal cortex (Fig. 2) . CSF1 expression was increased in both grey and white matter frontal cortex samples (Fig. 2, upper row) . In contrast, IL34 did not change with SIV infection in either grey or white matter (Fig. 2, lower row) . This ligand-specific difference has been reported in multiple CNS inflammation models (14, 16) , and implies that CSF1 is selectively induced during chronic neuroinflammation whereas IL34 expression is not altered.
CSF1R Expression Is Increased in Frontal Cortex White Matter of SIV-Infected Pigtailed Macaques
Given upregulation of CNS CSF1 in our SIV/macaque model of HIV CNS disease, we next evaluated the CSF1 receptor, CSF1R, in the CNS. To identify the cell populations expressing CSF1R, in situ hybridization to detect CSF1R RNA was performed on macaque brain sections (Fig. 3) . CSF1R mRNA was present in both Iba-1 positive perivascular macrophages and parenchymal microglia (Fig. 3B, C) . CSF1R-Iba1 double-positive cells were distributed across both grey and white matter, including perivascular and subpial locales, suggesting that both resident and infiltrating myeloid cells express CSF1R. Of particular interest, highest numbers of CSF1R-Iba1 double-positive cells were present in perivascular cuffs and microglial nodules.
As upregulated CSF1R protein expression has been associated with several neuroinflammatory conditions, we visualized CSF1R protein using immunohistochemical staining. CSF1R immunostaining was markedly upregulated in white matter compared with uninfected controls (Fig. 4) . This increase was most pronounced within perivascular cuffs composed of macrophages that are characteristic of SIV encephalitis (Fig. 4, middle panel, inset) . Increased CSF1R staining was associated with a change in microglial morphology. In the SIV and SIV þ ART groups, microglia were larger with broad processes as compared with uninfected animals. CSF1R immunostaining was significantly increased in white matter of SIV-infected macaques compared with uninfected animals (p ¼ 0.02, Mann-Whitney; median %ROI positive for CSF1R in SIV ¼ 0.87 [n ¼ 8 animals] versus 0.50 in uninfected macaques [n ¼ 7 animals]). CSF1R immunostaining was also increased in grey matter of SIV-infected macaques compared with uninfected animals (p ¼ 0.054, Mann-Whitney; median %ROI positive for CSF1R in SIV ¼ 0.99 versus 0.53 in uninfected macaques). In previous studies, changes in the white matter have been the most predictive of HAND development in HIV-infected patients (28) . This further suggests a role for CSF1R expression and its signaling in the pathogenesis of neurologic disease in SIV infection.
Immunostaining results for CSF1R expression were confirmed by performing ELISA measurements on frontal cortex white matter homogenates. CSF1R protein levels were significantly increased in SIV-infected pigtailed macaques compared with uninfected macaques (p ¼ 0.018, MannWhitney, Fig. 5 ). Additionally, there was no difference in CSF1R protein levels between the SIV and the SIV þ ART groups (p > 0.999, Mann-Whitney). Collectively, these data demonstrate that CNS CSF1R expression by microglia is upregulated in SIV-infected macaques corresponding with increases in its ligand CSF1.
DISCUSSION
In this study based in the SIV/pigtailed macaque model of HIV CNS disease, we found that CSF1 expression is significantly increased in the CNS in both grey and white matter with SIV infection. This increase was most pronounced in SIV-infected animals that developed SIV encephalitis. CSF1 mRNA levels in the brain were strongly correlated with upregulation of immune activation and oxidative stress genes. The increase in CSF1 expression in our pigtailed macaque model of HIV CNS disease is in contrast to the work done in the FIGURE 1. Nanostring analysis of CSF1 mRNA expression in SIV-infected pigtailed macaques. CSF1 mRNA counts in basal ganglia of SIV-infected macaques were significantly increased versus uninfected animals. CSF1 mRNA expression was also significantly higher in animals with SIV encephalitis compared with SIV-infected animals without encephalitis (encephalitis ¼ ᭡; no encephalitis ¼ ᭞).
rhesus macaque model of HIV CNS disease where a decrease in CSF1 expression was observed (16) .
Interestingly, although IL34, the other ligand that binds CSF1R, is primarily expressed in the CNS (15), IL34 mRNA expression did not change with SIV infection. Similarly, a lack of a change in IL34 expression has been shown in other models of neurodegenerative diseases including SIV infection of rhesus macaques (14, 16) . Other groups have also noted that high concentrations of IL34 in media promote ramified microglial morphology in vitro, suggesting that IL34 promotes a resting state (29) . Together, these findings suggest that induction of CSF1 rather than IL34 is the key driver of increased CSF1R signaling during neuroinflammatory processes including HIV-induced CNS inflammation. This is further supported by the strong correlation between CSF1 and receptor tyrosine kinase signaling in the SIV/pigtailed macaque model. Both CSF1 and IL34 have been evaluated in a SIV rhesus macaque model, but CSF1R has not been examined in detail. CSF1R is expressed by microglia, including parenchymal microglia and perivascular macrophages (6, 8, 9) . Like the ligand CSF1, CSF1R protein levels were significantly increased in the CNS of SIV-infected pigtailed macaques. Surprisingly, CSF1R expression by microglia also remained elevated in ART-treated SIV-infected pigtailed macaques despite sustained suppressive therapy. The significant increase in CSF1R expression shown by both CSF1R ELISA and digital image analysis of CSF1R immunostaining may represent sustained microglial immune activation, increased trophic demand from stressed microglia, or a combination of these. Together, these findings suggest that CSF1 and CSF1R may also remain upregulated in the CNS of HIV-infected patients treated with ART and could Uninfected versus SIV p values were calculated using normalized mRNA counts (Mann-Whitney). Correlations were calculated only using SIV mRNA counts. All p values were adjusted using Benjamini-Hochberg correction.
*Values below the limit of detection were set at the limit of detection to calculate the conservative p value.
contribute to the sustained CNS inflammation suspected to underpin HAND. Although it has been suggested that CSF1R is an M2 marker (30) , the M1/M2 polarization paradigm may not be applicable to microglia (31) . As CSF1 expression correlates with both M1 and M2 markers, notably CD14 and CD68 respectively, as well as genes associated with driving M1 and M2 polarization (32) , it follows that CSF1R is not FIGURE 2. CSF1 mRNA significantly increased with SIV infection. CSF1 mRNA expression measured by quantitative RT-PCR significantly increased in SIV-infected macaques (frontal cortex) compared with uninfected animals in both grey and white matter (top row). In contrast, there was no significant difference in IL34 expression in either grey or white matter (no encephalitis ¼ ᭞; encephalitis ¼ ᭡;). representative of either M1 or M2 immunophenotypes. This activation axis is a fluid spectrum, and it is likely that any given microglial cell can behave in an equally fluid manner in response to insult. It is possible that CSF1R signaling plays an anti-inflammatory role, in which case coordinate upregulation of CSF1 and its receptor, CSF1R, could represent a CNS response to mitigate the strong pro-inflammatory response to SIV. An alternate possibility is that CSF1R signaling indirectly promotes the pro-inflammatory environment by increasing the survival and proliferation of microglia. In light of studies showing damage by removing CSF1R-expressing microglia at the beginning of disease progression (33) and others showing the opposite effect later on in disease (6, 13, 14) , it is possible that CSF1R signaling may be protective at the initiation of disease, but becomes damaging with persistent sustained immune stimulation.
Evidence of a relationship between CSF1R overexpression, increased signaling through CSF1R, and the pathogenesis of neurodegenerative diseases such as AD and ALS in mouse models (6, 13, 14) suggests that this CSF1R immunoregulatory role extends beyond HIV to chronic CNS immune activation in general. However, considering the strong correlations between CSF1 expression and the genes associated with the antiviral response in particular, upregulation of CSF1R in SIV-infected macaques may also be linked to SIV replication within the CNS. Whether upregulation of CSF1R represents a direct immune response to virus, an enhanced demand for trophic support by damaged microglia, or a combination of these remains to be determined.
Given these findings and our study results, inhibiting CSF1R signaling may prove to be an effective therapy for chronic inflammation in the CNS, such as that seen in HAND. Future studies testing the ability of CSF1 receptor blockade to deplete microglia in SIV-infected macaques receiving suppressive ART will enable us to determine whether microglia depletion alters persistent immune activation present in SIVinfected macaques receiving ART to model HIV CNS disease. Moreover, CSF1R blockade to target and selectively deplete brain macrophage populations harboring latent, replication competent HIV will be a novel approach to decrease or eradicate HIV CNS reservoirs.
